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Abstract

In this paper, we complement the framework of Bi-Level Unconstrained Minimization
(BLUM) [21] by a new pth-order proximal-point method convergent as O(k~(GP+1)/2),
where k is the iteration counter. As compared with [21], we replace the auxiliary line
search by a segment search. This allows us to bound its complexity of by a logarithm of
the desired accuracy. Each step in this search needs an approximate computation of a high-
order proximal-point operator. Under assumption on boundedness of (p + 1)st derivative
of the objective function, this can be done by one step of the pth-order augmented tensor
method. In this way, for p = 2, we get a new second-order method with the rate of
convergence O(k_7/ 2) and logarithmic complexity of the auxiliary search at each iteration.
Another possibility is to compute the proximal-point operator by lower-order minimization
methods. As an example, for p = 3, we consider the upper-level process convergent as
O(k~?). Assuming the boundedness of fourth derivative, an appropriate approximation
of the proximal-point operator can be computed by a second-order method in logarithmic
number of iterations. This combination gives a second-order scheme with much better
complexity than the existing theoretical limits.

Keywords: Convex Optimization, tensor methods, proximal-point operator, lower com-
plexity bounds, optimal methods
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1 Introduction

Motivation. In this paper, we develop a new and efficient proximal-point method, which
can be used at the upper level in the framework of Bi-Level Unconstrained Minimization
(BLUM) [21]. In this approach, we need to decide first on the order of the upper-level
procedure, and after that we choose a numerical scheme for an approximate computation
of the high-order proximal-point operator. This structure allows a significant flexibility
in applying the lower-order methods to the problem classes which were traditionally out
of their scope. Consequently, the lower-order methods can demonstrate now much higher
rate of convergence breaking down the traditional theoretical limits.

In the first time, the possibility of using the second-order schemes for minimizing func-
tions with Lipschitz-continuous third derivative was demonstrated in [20]. Optimization
method in this paper is a second-order implementation of the third-order scheme with
the convergence rate O(k™%), where k is the iteration counter. Note that the traditional
upper bound for the rate of convergence of the second-order methods is O(k~"/2) [1, 2, 6].
Of course, the result in [20] does not contradict the theory since it is related only to a
subclass of functions, which is usually considered as the natural problem class for the
second-order methods (these are functions with Lipschitz-continuous Hessians). However,
it destroys the traditional one-to-one correspondence between the problem classes and the
orders of applicable minimization schemes. We cannot call anymore a method optimal
without mentioning explicitly the corresponding problem class.

In the next paper [21], in order to explain the phenomena of [20], we proposed the
framework BLUM, based on the notion of high-order proximal-point operator. The prox-
imal approximation of function f(-), defined by

(o) = min{7(v)+ly -} A>0, (1)

was introduced by Moreau [13]. Later on, Martinet [12] proposed the first proximal-
point method based on this operation. The importance of this construction for computa-
tional practice was questionable up to the developments of Rockafellar [24], who used the
proximal-point iteration in the dual space for justifying the Augmented Lagrangians. This
dual scheme was accelerated by Giiller [8], who introduced in this method some elements
of the Fast Gradient Method from [14]. Some attempts were made by Teboulle and coau-
thors [25, 9] in studying proximal-point iteration with non-quadratic kernel, concentrating
mainly on strongly convex functions. However, during decades this idea was considered
as a theoretical tool, which cannot be used in the efficient optimization algorithms.

In [21], it was suggested to regularize the objective function in (1.1) by a power of
Euclidean norm || - ||P*! with p > 1. We call the corresponding proximal step the pth-
order proximal-point operation." This terminology is justified by two facts. Firstly, it was
shown that the corresponding simple proximal-point method converge as O (k™P). The
rate of convergence of the accelerated version of this method is O (k*(p“)). In both cases,
we can use appropriate approximations of the proximal point.

Secondly, it appears that this approximation can be computed by one step of the pth
order tensor method provided that the pth derivative of the objective function is Lipschitz.

!Thus, the standard construction (1.1) corresponds to the first-order proximal points.



Another important contribution of [21] is the definition of the proximal-point operator
with line search. Using this auxiliary operation, it is possible to achieve the rate of
convergence of the order O(k~(PT1/2). However, in [21] it was assumed that proximal-
point line search admits an exact computation. The main goal of this paper is to relax
this assumption and justify an implementable version of this method.

Contents. In this paper, we study the methods for solving convex unconstrained op-
timization problem. It is organized as follows. In Section 2, we introduce a pth-order
proximal-point operator with segment search (p > 1) and study its properties. We justify
also the rate of convergence O(k*(?’p*l)/ 2) of the accelerated method under assumption
that the corresponding proximal-point operators admit exact computation. At this stage,
we do not need any assumption on the objective function besides convexity. We discuss
also the reason why the first-order proximal-point methods do not need auxiliary search.

In Section 3, we define the acceptable approximations for the proximal-point operators
and present a conceptual scheme of the accelerated method. We do not specify yet the
segment search procedure, assuming only that it satisfies some stopping criterion. The
rate of convergence of this scheme is also O(k~(GP+1/2),

In Section 4, we describe the rules of a bisection procedure and show that its length
is bounded by logarithmic factors. At each iteration of this scheme, we need to compute
approximately a pth-order proximal point.

In the last Section 5, we discuss different strategies for computing approximately the
high-order proximal points. In Section 5.1, we show that this can be done by one step
of the pth-order augmented tensor method. For that, we need to assume boundedness of
(p+1)st derivative of the objective function. In this way, we get the second-order methods
for functions with bounded third derivative, which have convergence rate O(k~7/2).

Finally, in Section 5.2 we present a second-order implementation of the 3rd-order
accelerated proximal-point method with segment search. It has the convergence rate
O(k=5). To the best of our knowledge, this is the fastest rate of convergence known so
far for the second-order methods without assumptions on uniform convexity. The number
of auxiliary computations of the Hessians at each iteration of this scheme is bounded by
logarithmic factors.

Notation and generalities. In what follows, we denote by E a finite-dimensional real
vector space, and by E* its dual spaced composed by linear functions on E. For such a
function s € E*, we denote by (s, z) its value at x € E.

Let us measure distances in E and E* in a Euclidean norm. For that, using a self-
adjoint positive-definite operator B : E — E* (notation B = B* > (), we define

lz| = (Bz,2)'/?, z€E, |gll. = (g.B7'9)"/? ge B

Sometimes, it will be convenient to treat z € E as a linear operator from R to E, and z*
as a linear operator from E* to R. In this case, zz* is a linear operator from E* to E,
acting as follows:

(zz*)g = (g,z)z € E, geE*.

For a smooth function f : E — R, denote by Vf(z) its gradient, and by V2f(x) its
Hessian evaluated at point z € E. Note that

Vf(z) € E*, V2f(x)h € E*, =z heE.

2



We denote by ¢z (-) the linear model of convex function f(-) at point z € E:

() < f@) + (Vf@),2-1) < f), zEE (1.2)
Using the above norm, we can define the standard Euclidean prox-functions
dpr(@) = Sollzl™*, @ cE,

where p > 1 is an integer parameter. These functions have the following derivatives:

Vdpi(z) = [2fP~'Be, «€E,
V2yi(2) = [2)PB + (p - 1)|2llP~* BaaB (1.3)
< pllalB.

Note that function dpy1(-) is uniformly convex (see, for example, Lemma 4.2.3 in [17]):
-1
dpi1(y) > dpir(2) + (Vdpa(2),y —2) + 57 (5)7 ly — =[P, 2,y B (14)
In this paper, we also work with directional derivatives. For p > 1, denote by
DPf(x)[hi,. .., hy

the directional derivative of order p > 1 of function f at x along directions h; € E,
i =1,...,p. Note that DPf(x)[-] is a symmetric p-linear form. Its norm is defined in a
standard way:

|DPf@] = mas {[DPf@) A byl Il <1 i=10pf (L)
el vp
If all directions hy, ..., h, are the same, we apply notation

DPf(z)[hP, heE.

Note that, in general, we have (see, for example, Appendix 1 in [22])

IDPf @) = max{|DPr@)AP| s nl <1} (1.6)

2 Proximal-point methods with exact search
Consider the following optimization problem:

min f(z), (2.1)

where f(-) is a differentiable convex function. Denote by x* one of its optimal solutions
and let f* = f(z*).

All methods presented in this paper are based on the pth-order prozimal-point opera-
tors, defined as follows:

proxd ,(2) = argmin {2 (2) % f(2) + Hdpir (v —3) |, (2.2)

3



where H > 0 and the parameter p > 1 is called the order of this operator.

In [21], it was shown that the rate of convergence of the high-order proximal-point
methods can be increased by including in operation (2.2) a line search. In this paper, we
will see that it is enough to use the proximal-point operators with segment search:

SProx?/H(j;, u) = arg min {f(a:) + Hdpy1(x — 7 — Tﬁ)} € E xR, (2.3)

7€[0,1]

Denote by z(Z,u) and 7(Z,u) the solutions of this minimization problem. Since

min {f(:c) + Hdpyr(z — 7 — m)} ~ min {f(y +70) + Hdpr (y — f)}, (2.4)
TE[O,I] TE[O,I]

the point x4 = z(z,u) and the value 7 = 7(Z,u) satisfy the first-order optimality
condition of the second problem in 7, that is

(=14 )(Vf(xy),u) > 0 Vrelo1]. (2.5)

On the other hand, the first-order optimality condition of problem (2.3) in x gives us the
following equation:
Vi) + HE By —yy) = 0,
where y; = Z + 744 and r4 = ||z — y4||. Therefore,
pt+1

(Vi) e —a) = B = [F]7 [Vi@)]." . (2:6)

Let us assume that we can compute the exact value of operator SProx? / (). Then,
it is possible to solve problem (2.1) by the following efficient optimization scheme.

Exact pth-Order Proximal-Point Method With Segment Search

Initialization. Choose g € E and H > 0. Define Ag = 0 and

Yo(z) = gllz — o]

i > 0.
Iteration £ >0 (2.7)

1. Compute vy = arg miél Yr(x). Set ug = v — .
xe

2. Compute (i1, 7k) = SProx?/H(xk,uk) and gr = ||V f(2k41)]|-

1-p
P

iy

S =

2
3. Compute ag1q > 0 from the equation A:ﬁ;}iﬂ = [%]

4. Set Apy1 = Ag + agy1 and update Yp1(x) = Yp(2) + apy1le,,, (2).




Using the same arguments as in [21], we can prove that the rate of convergence of this
scheme is of the order O(k~(®+1)/2) in terms of the functional residual. In order to see
the impact of inexact computation of the proximal step, presented in Section 3, we give
here the full proof of the corresponding statement. It is based on two lemmas on positive
numbers justified in Appendix (Section 6).

Theorem 1 Let the sequence {xj}r>0 be generated by method (2.7). Then for any k > 1
we have

_1)1-Bp+1)/2
flaw) - < 2HEG 14 250) 8)
where Ry = ||zg — z*||.
Proof:
Denote 1} = mi];El Y(x). First of all, let us prove that for all £ > 0, we have
S
Apf(zr) + By < ¢y, (2.9)

1 k—1 p+1
D

where B, = % [%]5 > Ait1g; 7 . For k =0, we have Ay = By = 9§ = 0. Hence, in this
i=0
case inequality (2.9) is valid. Assume it is valid for some k& > 0. Then,
Yrp1(x) = () + apgrle,,, (v)

(2.9)
> Apf(zr) + B + 3l — vk |® + apy1ley., (2)

> Apf(xi) + By — 305197 + aks1lay,, (Vi)

Denote yi = x + 7 (v — x)) and 7 = Z’Z—i € (0,1]. Then

Arf(xr) + agy1lay,, (Vk)

Y

A1 f(@ppr) + (Vf(@pg1), Apr + ap1vp — Apr1%541)

= Apalf(@re1) H(VF(@re1), (T — Te)ur + yr — Try1)]

(2.10)
(2.5)
> Apalf(megn) + (VF(@ra1), Yo — Trg1)]
(2.6) el

1
=" A | flaen) + [F]7 9,7

Thus,

p+1

9," = A1 f(@rt1) + By,

3 =

Vi 2 Awerf(@re) + By — 563007 + Ak [77]

and the relation (2.9) is proved.



From inequality (2.9) and Step 3) of method (2.7), we get three important conse-
quences. Namely, for all £ > 1, we have

* R2
(4) flzg) = f* < A
1 1k = 2
B): |gl* E Ay < B (2.11)

(C): Ak[l} gl: = al.
Let us obtain from this information a lower bound for the rate of growth of coefficients
{A}r>1. This can be done in three steps.
First of all, note that in view of Step 3) of method (2.7), we have

1-p
1/2 1/2 g1 ag+1 17175 2
A _A = 12+12_ s =5 )P 9 -
k+1 A2 AT 24172 3 [7]% 9
p=1 1/ k 2
Hence, denoting & = ¢,* , ¢ > 1, we get Ay, > i [%] P (Z §1> . On the other hand, in
i=1""

this notation, by inequality (2.11)¢, we have
k 1
Z Azﬁ? S HPR%,
i=1

where v = %. Therefore, in view of Lemma 9, we have

14y 3p+1

1 1/ 1+'y K Z_l 3p_+1 e
= |:H1/pRg:| Z A = H 2p(p+1) R Z A .

3p+1
_2(p—1) k p—1 ])p+1
A, > tHFIR, T (ZAW) :

)
=1

k
S

Thus, we get

M‘,_.

Applying now Lemma 10 with

_2(p—-1)

= 1 1 s = 1 — 3ptl
0 = HP+R ,a—3p+1,ﬁ—p+1,

ptl sptl
we get Ay > (3) 2 %Ré_p [%] * . It remains to use inequality (2.11)4. O

Remark 1 In the proof of Theorem 1, it is easy to find the place where we need the

segment search. This is the last inequality in the chain (2.10), where we apply the lower
bound
(2.5)
(Vf(@gs1), (fe — m)ur) > 0.

However, if p = 1, then we can achieve this goal in a simpler way. Indeed, in this case
the new value of api1 at Step 3) of the method (2.7) can be obtained before computing
the point xi11. Consequently, the simple choice Tp+1 = Tr+1 ensures validity of the above
proof. This possibility is indeed used in Fast Gradient Methods (e.g. [15]), where no line
search is needed.



3 Inexact proximal point computation

Very often, the proximal-point operator (2.2) cannot be computed in a closed form. In-
stead, we are going to use an approximate solution of this problem obtained by an ap-
propriate optimization procedure. Let us introduce the set of acceptable solutions to
problem (2.2), that is

Ay (@.8) = {zeB: V@) < BIVI@IL}, (3.1)

where § € [0,1) is a tolerance parameter. Note that proxz;/H(i’) e A% (z,8). However,
since V2 . (z) = Vf(Z), we see that ¢ A%, (z, 3) unless T = z*.

The main properties of the approximate proximal step are given in the following state-
ment (see [21]).

Lemma 1 Let T € AY(z,3). Then

A=PIVIDI. < H|T=z|F < 1+ BV (3.2)
(VAT),2-T) = 5T -z (3.3)

Moreover, if B < %, then

ptl

1 ptl
(Vi@ z=1) =[] IV o
We will need one more property of the approximate proximal step.

Lemma 2 Let T € A% (z,) with 3 € [0,5). Then

* 1-8)% |~ *
17— < G|z — 2|2 (3.5)

In particular, if 3 < 2, then |T — o*| < 2|z — 2*|.

Proof:
Denote r = ||T" — Z||. Then

IT-2* 2 = & - oI+ 2B(T - 2),T - &) — 12

="z = 2P+ 3= (VL y (1) = VATD), T — %) —r?

B1n . 28IV (T .

<o a4+ 2R T — ) -
(3.2)

< 7=+ T - ) -

1-8

Maximizing the right-hand side of the last expression in r, we get inequality (3.5). The
remaining inequality follows from (3.5) since its right-hand side is monotonically increasing
. 1

in g e0,5). O



Note that the exact computation of the operator SProx? /H(-, -) is also impossible.

Therefore, in the remaining part of this section, we analyze an implementable version of
method (2.7) based on approximate computations.
Consider the following optimization scheme.

Inexact pth-order Proximal-Point Method With Segment Search

Initialization. Choose zp € E, 5 € [0, TiQ]’ and H > 0. Define Ag = 0 and

Yo(z) = §llz — ol

Iteration k > 0.

1. Compute vy = arg g:ne% Y (z). Define up = vy, — xp.

2. Compute 29 € A} (zy, 8). If (Vf(22),ux) > 0, then define
oh(@) = L), wrer =20 gk = [VFED].

3. Else, compute z}, € AL (vy, B). If (Vf(z}),u) <0, then define
pr(z) = L1 (), zpr =5, g = [V (@)l (3.6)

4. Else, find the values 0 < Tl% < 7',3 < 1 with points T,g € .A%($k + T,%uk,ﬁ)

and T? € AV, (zy + t2uy, B) satisfying the following conditions:
1-g1r 2
a) Bi<0<@ b)) ar-ABt <y e

where B} = (Vf(T}}), ur), B = (V(T), ux), ar = i € [0,1), and

pt+1 p+1:| %

g = |kl VFTH" + 1= an)|[VATD? |

1 1—
2 1 1-p
P41 _ 1 |1=B|P p

5. Compute ag1 > 0 from the equation Artanis

6. Set Ap11 = Ay + ap+1 and update 1 (x) = Yp() + apr19k(2).




In this scheme, the Steps 2, 3, and 4 compute an approximate value of the operator
SProxfc/H(-, -), replacing the Step 2 in method (2.7). Step 4 of method (3.6) is activated
only if

(Vf@d),u) < 0 < (Vf(xh), ur).

Thus, the condition 4a) is satisfied for 7',% = 0 and 7']3 = 1. Hence, these values can be
used for starting the internal search procedure. Note that the coefficient «y at this step
is chosen to ensure for the vector

Vor © VAT + (1 - an)VFTE)

the following equality:
(Veor,up) = apfy+ (1 —ap)s; = 0. (3.7)

For analyzing the rate of convergence of method (3.6), we need to prove several aux-
iliary results.

Lemma 3 For all k > 0, we have

fan) = enle) = fa) +3 | a0 (338)

Proof:
The first inequality in (3.8) follows from the convexity of function f(-). In order to prove
the second one, we need to consider separately the ways of constructing the function pg(+)
used at Steps 2, 3, and 4.

1. Let (Vf(2?),ug) > 0. Then

(3.4) B % ptl
orler) = flann) + (V@D —a) = flaw)+ [52]" 97
Thus, the inequality (3.8) is valid.
2. Let (V f(x}),u) < 0. Then
or(zr) = flopen) (V). oe —23) = flaeen) + (V@) o — up — 2p)

> flare) + (VDo -2 > Fane) + 2] 0

Thus, in this case the inequality (3.8) is also valid.
3. Let us assume now that the function ¢g(-) is formed in accordance to the rules of
Step 4. Denote yi = @y, + Tiug, Y7 = ) + TPUk, and i = %(y,}: + y2). Then we have

er(ze) = a(f(T) + (VAT o = ) + (1= aw) (f(TF) + (VF(TE), 2 — TF))

(3.7)
> flere) + (VAT 0 — Ti) + (1 — an)(VF(TR), Gk — TR



Note that
(VATH, 0 —TY = (VAT v — 3wi—yi) — T}

CRVNR Pt
> [ V@bl -k -8,

(VIT2, 96 — T2 = (VFT?),y2+ 3yt —v2) — TP

p+1

(3.4) 2
> [ V@il + - et

Hence,

1 p+1
b e
f@) = fw) + 5] 07 - Sow(rh = )8k + 30 - a7} = )3

=

1 (4e pit
= f(a:k+1)+{%}pgkp —ag(tt = A8 > f($k+1)+%|:%} 9.7

Thus, inequality (3.8) is proved. O

Corollary 1 For any k > 0, we have

=

Sor < 2[d] (w0 - 1) (39

Denote Do = max{llz—zoll : () < f(x)} and D, = max{llz—a*]| : f(z) < f(z0)}.
Clearly,
Dy < 2D.. (3.10)

In algorithm (3.6), by the way of constructing the estimating functions {¢x(-) }x>0, we
have
Un(e) < Apf(o)+glle—wol?, w€E, k>0, (3.11)

Lemma 4 Let sequence {zy}r>0 generated by method (3.6) be well defined. Then for all
k > 0 we have

Apf(zr) + By < Uf = min Yi(2), (3.12)

k-1 ptl
> Ait1g; " . Moreover, ||vi, — x| < Do and
=0

3=

where By, = % [%}

e —2*| < D, [log —a*] < D (3.13)

Proof:
From inequality (3.12), we have

1 2 (311 1 2 (3.14)
Apf(zp) + B+ 5llz —wel® < dn(z) < Apf(@) +5lle —20l®, =z €. '

10



Taking in this inequality = xy, we get ||vp — x| < |[zo — xk||. On the other hand, the
choice = xg ensures f(zy) < f(xo). Hence, ||xg — x| < Do. Finally, the first inequality
in (3.13) is valid since f(xy) < f(x0), and the second one follows from (3.14) with z = x*.

It remains to prove inequality (3.12). Let us do this by induction. For k = 0 we have
Ag = By = 9§ = 0. Hence, the relation (3.12) is valid. Assume it is valid for some k > 0.
Then

Vi1 (@) = Yr(@) + aprron(c) > Apflzr) + B+ 3llz — vel? + aps190k(2)
= Apf(zr) + Bi+ 3llz — vell® + aps 190k (k) + art1(Ver, v — zp).
Note that in the case 4a) and 4c), we have (Vpg, ug) > 0. Therefore,
A f(xr) + apr1ok(@r) + ap1 (Vor, © — og)

pt1

(38) .
> A f(@rp1) + 34641 [%} 9" +aps1(Vr,  — o)

3=

1 pt1

> A f(e) + 54k [%} " 9," + ki1 (Veor, T — vg).
In the remaining case 4b), we have (Vg ur) < 0. Hence,

Apf(zr) + arp1ok(Tr) + arp1(Vor, © — xp)

v

Aps1 f(@rs1) + (Vor, Apy1(op — Tpg1) + argr(z — 21))

= Api1f(@rs1) + (Vor, Apr1(vr — 2py1) — Ap(vr — 21) + apg1(z — vg))

p+1

(3.4) b 2
> Apraf(Tr1) + Ak [T} 9" +ars1(Ver,  — k).

Thus, in all cases,

Vry1(w)
1-g]» Bt
> Agy1f(@p1) + Br + 5llz — o2 + 3 Ak {%ﬂ} "9." + ak1(Ver, x — vg)
1-g]» B
> Apy1f(@p1) + B + 34k {%ﬁ} " 9" —30p 100

1
= Api1f(@e41) + Brgpr + Ak [%} "ot —5ai.97

= Api1f(wpg1) + Brya a

Corollary 2 Let Ry = ||xzg — x*||. Then

p+1 1

28] prl ES
L Airg" < 2[%}‘”&%. (3.15)

11



Proof:

Indeed, in taking in inequality (3.14) = z*, we have

Apf(z) + B+ 3llz* — vl < Apf* + LR3

It remains to use definition of Bjy,.

a
Now we can prove the main statement of this section
Theorem 2 Let sequence {xy}i>0 generated by method (3.6) be well defined. Then for
any k > 1 we have
4pHRp+l 2(]@71) _3P2+1
fa) - < B 14 205 (3.16)
Proof:

In view of inequality (3.12), we have f(zg) — f* < . Hence, we only need to estimate
from below the rate of growth of coefficients {Ak}k>0

Using the same arguments as in the proof of Theorem 1, we get

1 1-p 1-p
1/2 1/2 artr  _ [1[1=8]p “p def 2
Ay — A, oAl T\ [TE ] 9 T A%
+

p—1

Denoting & = gsz

1412 S
, we have EAtJrl Z

for any t > 0. On the other hand,

1 (3.15) ¢ p1
By & 2 [%}”Rg

2(p+1)
> > Apng” Z Ap1§"
k=0

Therefore, in view of Lemma 9, for v = 2(]5’+11) we have

" 1+~ 1 1 izrp+1)
=1\ 3(p+1
1 41/2 1 T\ 0 _ 1 3p+1
AN 2 oA > A = -5 | 2 4 :
B, = B

Thus, we get the following inequality:

t p—1 3;?:11
Ay > 0<2A,§P+1> , t>1,
k=1

(3.17)
where , o)
2 4p+2 — _2\P=2)
1 1— 1
b = mm = ()" [Tﬁ} TRy M
Now we can use Lemma 10 with o = ?f;;fl and 0 = ‘2’%11. Then 1 — af = ]%, and by
inequality (6.4), we get
1\2p+1 [1-g| p—(p—1) | p=1 0 17 (3.18)

12



To conclude this section, let us look at the rate of convergence of method (3.6) in terms
of the norm of the gradient. Note that the values {gj }r>0 generated by method (3.6) are
the upper bounds for the norms of the objective function at certain points. Indeed, for
Step 2 and Step 3 we have g = ||V f(zr+1)|«, and for Step 4, it holds

pt1 P17 55T
o {akuvw)w (L= ) |VATD) ]

> min { VST, [VATR). |-

Theorem 3 Let sequence {z}r>0 be generated by method (3.6). The for any t = 2k with
k > 1 we have

« def . pGptl)  ppp 03y,
gi = min g < 4P(p+1)20rT Ty G (3.19)
Proof:
Indeed, in view of inequality (3.16), we have
« 4P HRPT — & AP HRPH! — &5
Plawe) =0 < PR [ 2] < M 2]
On the other hand,
pt1 t ptl (3.9) 1
R < 2 g7 < 2] (fle) - 1),
i=k+1
Combining these two inequalities, we get (3.19). O

It is interesting that the rate of convergence (3.19) is the maximal rate compatible
with the rate of growth (3.18) of coefficients { A }x>0. Indeed, if Ay = O(kBPH1)/2) then

ap+1 = O(k(3p—1)/2)’ %‘:—11 — O(k3(p—1)/2).

On the other hand, by (3.19) we can guarantee that

gkp ~ O(kg(p_l)/2)v
which is compatible with the rule of Step 5 in (3.6). Hence, a higher rate of decrease of
the gradients should result in a higher rate of convergence of method (3.6).
4 Complexity of auxiliary search

In this section, we analyze a simple bisection strategy for implementing the Step 4 of
method (3.6). Recall that at the beginning of this auxiliary process we have

o= 0, Bi = (Vf@)),wm) < O,
o= 1, g = (Vf(}),ur) > 0.

13



Since for p = 1, no auxiliary search is needed (see Remark 1), in this section we assume
that p > 2. Thus, in method (3.6) we have § < Sp% < %, which allows us to use the
second statement of Lemma 2.

The following bisection strategy has a single parameter, the tolerance (3 € [O, ﬁ}

1 _ 1 _ gl 1 _,0 .2 _ 2 _ a2
Initialization. Set Tho = 0, ﬁk,o = B, Tk’0 =Ty, Tho = 1, ﬁk,o = [y,

2
and Tl?,l) = x}g Define a9 = % € [0, 1] and compute
ooy 2L Lo B Faa)
o = |arall VIGDI +(1 - awa) | VSGDI

p+1

gg, then Else,
1

a) Compute T,:Z. = 5(7,372» + T]32> and le,_i e Al (z, + Tziuk,ﬂ).

3 =

Iteration i > 0. If ay,(t}, — 72,)8}, < 3 [%]

b) Compute ﬁ,jﬂ. = <Vf(Tk+z),uk) If ﬁ]:i <0, (4.1)

1 _ .+ Al _ ot 1 _ ot
Tki+l = Tk ﬁk,i—&-l = 5k,i7 Tyiv1 = Tk,i’
then move the left bound
2 _ .2 2 _ 22 2 2
Tki+l = Tk,io 5k,i+1 = 5k,iv Ty iy = Tk,i’

1 1 1 _ al 1 _ gl
Tki+l = Tk,io 5k,i+1 = ﬁk,i’ Tk,i+1 = Tk,i’

else move the right bound
2+ 2 _pt 2 ot
Tkit+l = Tk 5k,¢+1 = ﬁk,i? Tk,i+1 = Tk,w

Br .
c). Define oy ;41 = m € [0,1] and compute
7 ’ ptl P17 phT

Ikit1 = | kit VAT D" 4+ (U= i) IVATE )"

In view of the updating rules in (4.1), for all ¢ > 0, we have the following relations:

le,i - Tli,i = 271'7 /8]111 <0< 6]%71 (42)
Let us find an upper bound for the length of this process.
Note that
—ByiBri

0 < —Ozk:,zﬂ]%,i = 32 ,—BL, < min{_ﬁé,iaﬁg,i}

IN

el - min { [V AL s IV F T2 -

Hence, in view of Lemma 4, the left-hand side of the stopping criterion in (4.1) does not
exceed

Dowin { |V F(TL) - [T} - 27

14



On the other hand, gi; > min{||Vf(Tkl,i)||*, ||Vf(T,3Z)H*} Hence, the upper bound iy, for
the length of the process (4.1) can be found from the following inequality:

HD? —i .
o820 < min (VAT VAR - (4.3)

Theorem 4 If during the process (4.1), we have
min {f(T,;i),f(T,ii)} > frae, i=0,.... 0, (4.4)
where € > 0 is the accuracy parameter, then
. 1 5HDPT!
(2% < (2 + » 10g2 W)Jr y (45)
where (1) = max{7,0} for 7 € R.

Proof:
In view of inequality (3.13), for any 7 € [0, 1], we have ||zx + Tu — 2*|| < D,. Using now
the second statement of Lemma 2, we get

Iz ="l < 3D | ITE -l < §D..

Therefore,
(4.4)
<

min {f(Tklﬂ) - f* f(Tlf,z) - f*}

< win {(VS(TE) T, — #), (VA(TE,), T2, - o) |

< 3D.min {IVATL) 1 19T TR}

This means that the stopping criterion in the process (4.1) will be definitely activated for

i, satisfying the inequality %Dg - op(2—ik) < 5‘}5*, which gives us the bound (4.5). O

5 Practical implementations

The results of Theorem 2 and Theorem 4 give us the following upper bound

2
(o), e
for the number of computations of the inclusion

T € A (z,B), z€k, (5.2)

which is sufficient for getting by method (3.6), (4.1) an e-solution of problem (2.1) in
terms of the function value. Note that up to this moment we did not assume anything
about the objective function except its convexity. However, we need these assumptions

15



for transforming the bound (5.1) into a bound for the number of calls of oracle. We need
also to specify a particular technique for solving the inclusion (5.2).

Thus, we naturally come to the framework of Bi-Level Unconstrained Minimization
(BLUM), which was introduced and discussed in Section 4 of [21]. In this framework, at
the upper level, we choose the order p > 1 of the method (3.6), ensuring the complexity
bound (5.1). And on the lower level, we choose a numerical method for solving (5.2). In
this way, we can construct many interesting combinations. In the remaining part of this
section, we consider only two of them.

5.1 Accelerated proximal-point methods with tensor steps

This possibility was already considered in Section 3 of [21] for the slower proximal-point
methods with the convergence rate O (k_(p+1)). Here we just apply these results to the
faster scheme (3.6), (4.1).

Denote Mp11(f) = sup ||[DPT! f(z)||. For the objective function f(-), we assume that

z€E

Myi1(f) < +oo. (5.3)

Define the standard Taylor approzimation of f(-) at point z € E:

Qply) = ﬂm+é;amﬂmw—ﬂ@

We need also the augmented Taylor polynomial

Qupm(y) = Qup) + Grmlly — 2P

If M > Mp41(f) then this function provides us with a uniform upper bound for the
objective. Moreover, if M > pM,1(f), then function Qg p () is convex (see [18]).
Therefore, we are able to compute the tensor step

Tp,M(-T) = argrzjleilggx,p,M(y)' (5.4)

Let us allow some inexactness in the computation of this point. Namely, we assume
that it is possible to compute a point 1" satisfying the following condition:

IVQuprr (D) < 21V (D], (5.5)

where v € [0, %) is the tolerance parameter.
Let us define now

M = a5=Mya(f), H = 53M. (5.6)

Then in view of Lemma 3 in [21], we have
IVA(T) + HVdpa (T = 2)[« - < BIVAT)]

In other words, these values of parameters ensure the inclusion T' € A% (z, 8).
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Thus, a solution to the inclusion (5.2) can be computed in one step of inexact ten-
sor method provided that we are able to compute its appropriate approximation (5.5).
Since the minimization problem (5.4) does not require new calls of oracle of the objective
function f(-), the bound (5.1) is valid for the number of calls of pth-order oracle. Note
that this bound coincides with the complexity bound for the recently developed tensor
methods [5, 7, 10]. However, the auxiliary problem to be solved at each iteration of our
method is convex, which should give better practical results.

Let us mention two cases when the solution of problem (5.4) is relatively easy.

e p = 2. Then the problem (5.4) coincides with auxiliary problem in Cubic Regulariza-
tion of Newton Method [23, 16]. It can be solved very efficiently by an appropriate
matrix factorization technique. In this case, we take in (5.5) v = 0. The number of
calls of the second-order oracle in our new method is bounded by (5.1) with p = 2,
that is

€

o ({m({)pi} "l Ms(f)Di) _ (5.7)

e p = 3. Then the problem (5.4) can be solved by an auxiliary Gradient Method
based on Bregmann Distances (see [20] for details). In this case, the computation
of an approximate solution (5.2) needs O(In %) computations of the gradient of the
Taylor polynomial of degree tree. The number of calls of third-order oracle in the
upper-level method is bounded by (5.1) with p = 3, that is

O ([MAZ)D%} Sl M4(f)Di‘> ‘ (5.8)

€

As it was demonstrated in [20], by an appropriate approximation of the third direc-
tional derivative by differences of gradients, we can transform this type of methods
into the second-order schemes. In this paper, we do not consider such a possibility
since the finite differences are often numerically unstable. In any case, it seems that
the next Section 5.2 offers a better alternative.

To the best of our knowledge, the efficient technique for solving the problem (5.4) with
the order p > 4 is not found yet.

5.2 Second-order implementation of third-order method

Let us choose for the upper-level process p = 3. This means, that the point T" € A%(a’c, B)
is computed as an approximate solution to the problem

min {p(x) & f(z) + Hdy(z ) } (5.9)
We are going to solve this problem by a second-order method.
Let us assume that My(f) < +oo. Define

H = 3Mi(f), n=3% L=

\][VV)

, x =1 (5.10)

We need also the scaling function p(z) = 5(V2f(z)(z — Z),x — Z) + Hds(z — ). Then,
in view of Theorem 3 in [21], function ¢(-) satisfies the following relative non-degeneracy
condition [3, 11]:

uVip(z) = Vep(z) < LV?p(z), z €E. (5.11)
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Hence, defining the Bregmann distance 3(x,y) = p(y) — p(x) — (Vp(x),y —x) > 0, we get
the following inequality:
ely) < o)+ (Ve(z),y —2) + L(z,y), x,yck.

Consequently, we come to the following Gradient Method: set xg = Z and for k > 0 iterate

Tpr1 = arg glellrEl {(Vgo(xk), x — k) + LB(xg, m)} (5.12)

Note that in terms of function f(-), this is mostly a first-order method. The Hessian of
the objective is computed only once in the beginning of the process in order to define the
scaling function p(-).

In accordance to [11, 19], method (5.12) has linear rate of convergence:

Brpr,z%) < (1 —3)B(zk, Tu), k=0, (5.13)
where * is the exact solution of problem (5.9). Thus,
H e &Y % k o
el — % < Blag,7*) < (1-3)"B(x0,7%), k>0, (5.14)
B0, 72) = HVF@)E - 22),5 — 52) + L7 — 2

Using this fact, we need to find an upper bound for the number of iterations of this scheme,
which is sufficient for satisfying the stopping criterion

Vel < BIVS(zk)ll+ (5.15)

For this, we need several auxiliary statements. Our main concern is the upper bound
for the Hessians of functions f(-) and ¢(-). We start from a simple statement on second
derivatives.

Lemma 5 For any x,y € E, we have
Vify) = 2Vf(x) + Ma(f)|z — y[*B. (5.16)

Proof:
Indeed, for any x, h € E, we have

Vif(x+h) = V2f(z) + D f(x)[h] + 3 Ma(f)|| 1B,

0 X Vif(z—h) = V2f(x) - D*f(2)[n] + 3Ma(f)|II*B,
and (5.16) follows. O

In our analysis, we need the following characteristic:

My = I;leaé({HV2f(x)H: xeB(x*,D*)}, (5.17)

where B(z,7) = {y € E: |ly — z|| < r}. It can be used for bounding the norms of the
gradients:
\Vf(x)|| < MyD,, z¢€ B(z* D,). (5.18)

It also gives us a bound for the size of the level set of function ¢(-).
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Lemma 6 LetZ € B(z*,D,) andx € L, ={x € E: p(x) < ¢(z)}. Then
lz—z| < R % [4D.1'7 (5.19)

Proof:
Indeed, in this case,

Tz =zt < f@) = fl2) < (VI(@),7-2) < [VI@)s- ]Iz -]

(5.18)
< MQD*H{Z‘ — 1‘” O

It is also useful for bounding the Hessians of functions f(-) and ¢(-).

Lemma 7 Let € B(z*, D). Then for any x € L, we have

A

IV2f(2)] < M; % 2Ms + My(f)R?,

(5.20)
V()| < M, € L;+3HR.
Proof:
Indeed, in view of matrix inequality (5.16), we have
(5.19) .
Vif(x) = 2V2f(z) + Muy(f)|z —Z|?B < (2Ma+ Ma(f)R?)B.
(1.3) R

It remains to note that V2dy(z — ) =< 3|z — z||*?B < 3R%B. |

The size of the constant My can be controlled in different ways. First of all, we can
assume that Ms(f) < +00. Then we can take My = Ms(f). Another possibility is to use
the relation (5.16). Then, for any x € B(z*, D,), we have

Vif(x) = 2V2f(z*) + Mu(f)D:B.

However, in any case this characteristic has a limited influence on the complexity bounds
since it stays inside the logarithms.

Finally, we need one more fact on the properties of the high-order proximal-point
operator (2.2) with p > 1.

Lemma 8 Let the second-order derivative of function f(-) be bounded on some convex

set L by constant My. If both points T € L, and T' = pT’Ol?/H(SE) belong to L, then

H||Vf(@)|[%

Proof:
Denote r = ||T — Z|| and g = ||V f(Z)||«. Then

VA« = g— Myr.
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On the other hand, the first-order optimality condition for problem (2.2) reads as follows:
Vi) + HVdp (T —z) = 0.

Hence, ||V f(T)||« (L3 rP, and we get the following lower bound:

IVA(T)|l+ > max {g — My, Hrp}.

Since univariate function r? is convex in r > 0, the minimum of the right-hand side of
this inequality in r is above the following minimum:

HiP~ ! (pg—(p—1) My7)

Jx def m>igmax {g — Mfr,H[fp + prPL(r — f)} } =
T_

M¢+pHrr—1 ’
P . oy . .3 . Hg?
where 7 is an arbitrary positive number. Taking 7 = i1 We get g, = N pHG T O

Now we can prove our main result.

Theorem 5 Let © € B(z*,D,) and f(z) — f* > € > 0. Then the number of steps
of method (5.12) sufficient for activating the stopping criterion (5.15) cannot exceed the

value of the order
O(Inl+InD,+InM(f)+InMy). (5.22)

Proof:
Since € B(z*, Dy), from the condition of the theorem we have

e < f(@)—f < (Vf@),z—2") < [[Vf(@)]sDs.
Therefore, in view of Lemma 8, we have

(5.18) H|VI@IE < e

Vi)l = M3+3H(M2D.)?> = DI(M{+3H(M3D.)?)

Denote by 6, = (1 — »)* the reduction factor in the convergence rate (5.14). Note that

=

(5.14) . .
log — 2| < o/ [%MQRQ + 434] .

Since zy, € L, we conclude that
IVf@e)lls = IVFAE) e — Myllay — 2.

On the other hand, ||Vo(xg)|l« < My|jzr — z*||. Therefore, the stopping criterion (5.15)
is satisfied if
(Mg + M) ||lze — 2% < BIVF(E)]-

A sufficient condition for this is as follows:

N

/418 H2 P4 BHE®
6 | MaR® +4R*| " (M, + BMy) < DQ(M?+3H€(M2D*)2).
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Thus, the upper bound for the number of iterations in method (5.12) is of the order (5.22).
|

Note that the main assumption of Theorem 5 is the inclusion € B(z*, D). In view
of the relations (3.13), it is valid for all points & = xy + 7(vp — zk), 7 € [0, 1] used in the
auxiliary search procedure (4.1).

Thus, we have proved that the third-order accelerated proximal-point method (3.6),
(4.1) can be implemented by the second-order method (5.12). This combination has the
following performance characteristics.

e Rate of convergence of the upper-level method (3.6) (Theorem 2): O(k~?).

e Number of computations of Hessians per iteration of method (3.6) (Theorem 4):
Np = O(lni+InD, +1InMy(f)).
e Number of computations of gradients per iteration of this method (Theorem 5):
Ng = O(NH x (In1 4+ In D, +In My(f) +1nM2)).

Note that the total time for computing the gradients is normally dominated by the
time spent for the Hessians. Indeed, usually the Hessians are (dim E)-times more
expensive than the gradients. At the same time, very often we have

dimE > Inl+InD,+InM(f)+InMo.

6 Appendix

In this section, we present two useful statements on positive numbers.

Lemma 9 Let the positive numbers {&; f\;l satisfy the following condition:

N
leifﬁ < B, (6.1)
1=
where v > 1 and all weights w; are positive. Then
N NN
Si o2 gh(Tel) 62)
i=1"" i=1

Proof:
Indeed, minimizing the left-hand side of inequality (6.2) with the constraint (6.1), we have
the following first-order optimality condition:

A -1 .
g = wzf;y ) 1§Z§N7

1
where A > 0 is the Lagrange multiplier for the active constraint. Thus, & = (A) Wl,

w;
and the multiplier A can be found from the equation



14y

N 1
Thisis A= (£) 7, where S = 3" w,""". Hence, we get (6.2). 0

=1

Lemma 10 Let the sequence of positive numbers {ny }r>o satisfy the following inequality:

k B
oz o (Tr) . k=1 (63
i=1
where § >0, « >0, >0, and af < 1. Then
1 =3
ne > O [aﬁ+ (1- aﬁ)k} . k> (6.4)
Proof:
k 1—ap
Denote Cj, = <Z nf‘) . Then, in view of (6.3), we have
i=1
1 1 (6.3) _ap_
LT -OTT = g 2 e OL

a(1—ag) &3 1
Note that for £ = 1 we have C1 = 7, > 6. On the other hand, since ;=5 > 1,

af
we have

af 1 1 1
_apb 1 1 1 1
«a 1—ap 1—ap 1—ap 1 1—ap o
0 'Ck+1 < Ck+1 _Ck < 1—a50k+1 (Crt1 — Ck)

ap

= 17430011 (Cry1 — Cy).

Hence, Cii1 — Cr > (1 — af)0%, and we get inequality (6.4).
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